In this study we found that autotrophic methanococci similar to Methanococcus maripaludis obtained up to 57% of their cellular carbon from exogenous amino acids. About 85% of the incorporation was into protein.
Although many methanogens require lithotrophic energy sources such as H2, organic nutrients are often very important for their growth (32) . Methanogens isolated from the digestive tracts of animals are especially fastidious. Methanomicrobium mobile, which requires a complex mixture of fatty acids, amino acids, and vitamins in addition to an unidentified factor from ruminal fluid, is an extreme example (R. S. Tanner and R. S. Wolfe, Abstr. Annu. Meet. Am. Soc. Microbiol. 1982, I90, p. 109). Likewise, many freeliving methanogens also require or are stimulated by organic nutrients. In addition, some methanogens catabolize simple organic energy sources such as formate, acetate, methylamines, dimethyl sulfide, and 2-propanol (13, 15, 35) . Therefore organic nutrients play a major role in the metabolism of many methanogens.
Sequencing of the 16S rRNA identified the methanococci as one of the three major groups of methanogens (24) . By this criterion, the methanococci are about as related to other methanogens as the gram-negative eubacteria are related to the gram-positive eubacteria. Moreover, the methanococci themselves are a diverse group of bacteria. Both mesophilic and thermophilic species have been isolated from marine environments (32) . The most extreme thermophile in this group, Methanococcusjannaschii, was isolated from a thermal vent in the East Pacific Rise and has a doubling time of 30 min at its temperature optimum of 85°C (11) . Two mesophilic species which are common in salt marshes in Georgia, Methanococcus voltae and Methanococcus maripaludis, have growth rates of 1.5 to 2.0 h under optimal conditions (12, 33, 34) . M. voltae is a heterotroph and requires leucine, isoleucine, and acetate as organic carbon sources (33) . The volatile fatty acids isovalerate and 2-methylbutyrate can substitute for leucine and isoleucine, respectively. Pantothenate is also stimulatory. The other methanococci grow well autotrophically in mineral medium (6, 12, 34) . Although amino acids stimulate the growth of some of the autotrophic methanococci, the physiological basis of this stimulation is not known. In this study, the role of amino acids and vitamins in the physiology of the mesophilic methanococci was investigated further. Moreover, the importance of these nutrients for recent isolates from a Georgia salt marsh was determined (34) .
MATERIALS AND METHODS
Sources and growth of bacteria. Named bacterial strains refer to the type strain of that species. M. voltae PS was obtained from P. H. Smith; M. maripaludis strain JJ was obtained from W. J. Jones (12) . Methanococcus vannielii SB was obtained from W. E. Balch. "Methanococcus aeolicus" was obtained from K. 0. Stetter (29) . "Methanococcus deltae ARC" was obtained from L. A. Hook (6) . Unnamed strains were isolated from intertidal regions, including salt marshes, in the southeastern United States (34) .
The preparation and composition of the media have been described previously (34) . Briefly, the mineral medium for growth of autotrophic methanococci contained a salt solution similar to seawater, trace minerals, 2-mercaptoethanesulfonate, and Na2S under an H2-CO2 atmosphere.
The defined medium for M. voltae also contained isoleucine, leucine, acetate, and pantoyl lactone. For the experiments with "4C-amino acids, 2-mercaptoethanesulfonate was omitted from the medium. Sterile Na2S was added after autoclaving but at least 12 h before inoculation. We prepared the made anaerobic by being sparged with N2 gas and were filter sterilized. For the growth experiments, inocula of the autotrophic and heterotrophic strains were grown in mineral or defined medium, respectively. Ammonia was the nitrogen source. For experiments with pantothenate, the inoculum was grown in vitamin-free medium as described previously (33) . In all cases, inocula were 2% (vol/vol) and were from early-stationary-phase cultures.
For growth with a mixture of "'C-amino acids, 0.2% of a simulated amino acid hydrolysate was used. The amino acids were uniformly radiolabeled, and the specific activity was 0.078 nCi. nmol of amino acid C' after dilution with unlabeled amino acids. The molar ratio of the amino acids was as follows: alanine, 0.58; arginine, 0. 24 The sample was incubated for 3 h in the dark at room temperature, and then 20 pul was analyzed by highperformance liquid chromatography (36) . Fractions of 10 to 20 drops were collected, combined with 3.0 ml of liquid scintillation cocktail (33) , and counted in a liquid scintillation counter (model LS3801; Beckman Instruments, Inc., Fullerton, Calif.). To determine the specific activity of the amino acids, smaller volumes (5 and 10 pul) were also chromatographed.
The identity of the 14C-amino acids was confirmed by two-dimensional thin-layer chromatography of the underivatized amino acids (3) . Briefly, the protein hydrolysates, containing 0.1 to 0.5 puCi of "4C-amino acids in 1 to 3 pul of water, were applied to K6 silica gel plates (Whatman Chemical Separations, Inc., Clifton, N.J.). The solvent for the first dimension was methanol-chloroform-29% ammonium hydroxide (80:80:30, vol/vol/vol). The solvent for the second dimension was phenol-water (120:40, wt/vol). Radiography was performed for 1 or 2 weeks at room temperature with Kodak X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.).
Other analytical procedures. The formation of radiolabeled CO2 was determined by the procedure of Maccubin and Hodson (18) . Ammonia in the medium was measured by the indophenol test (5, 23) after isothermal distillations. Isothermal distillations were performed with saturated Na2B407 (1) . Carbon and nitrogen analysis was performed with 0.6 mg of dried cells in a C, H, and N analyzer (Hewlett-Packard Co., Palo Alto, Calif.). Because samples contained significant a Percent of total radiolabel recovered after fractionation of the whole cells. Cells were radiolabeled as described in Table 1. bTCA, Trichloroacetic acid. similar distribution of radiolabel was observed regardless of the extent of incorporation. In all cases, a significant portion of the radiolabel was found in the hot trichloroacetic acidsoluble or nucleic acid fraction (Table 2) . Presumably, amino acids also served as precursors of pyrimidine and purine biosynthesis (9) .
The autotrophic strains preferentially incorporated some nonpolar and basic amino acids. Strain CS, which obtained a large proportion of its cellular carbon from the amino acids, incorporated primarily isoleucine, leucine, valine, alanine, phenylalanine, proline, lysine, histidine, arginine, and glycine (Fig. 1) . Because glycine, threonine, and arginine were not always well resolved by high-performance liquid chromatography, the specific incorporation of glycine and arginine was confirmed by thin-layer chromatography (data not shown). Moreover, only small amounts of aspartate, glutamate, serine, threonine, and tyrosine were incorporated (Fig. 1) . Very similar results were also obtained with strains C14 and Dl, except that strain Dl incorporated much a The specific activity of the amino acids was determined after acid hydrolysis and chromatography of the cellular amino acids as shown in Fig. 1 .
b The percentage of exogenous specific activity is 100 x (specific activity of cellular amino acids)/(specific activity of exogenous amino acids).
c These amino acids were not resolved during the chromatography.
d ND, Not determined.
smaller amounts of arginine (Table 3 ). In many cases the specific activity of the cellular amino acids was nearly equal to the specific activity of the exogenous amino acids (Table  3) . Therefore cells were able to fulfill most of their requirements for certain amino acids from the medium. Likewise, M. voltae also incorporates large amounts of some amino acids (8) . The incorporation of specific amino acids into protein in the absence of amino acid oxidation suggested that the growth stimulation was probably due to a sparing of the anabolic energy requirements for amino acid biosynthesis. Nitrogen sources. Because amino acids were readily assimilated as carbon sources, their role as sole nitrogen sources was investigated. M. maripaludis, strain C14, and strain Dl were unable to grow with arginine, proline, valine, phenylalanine, isoleucine, leucine, lysine, or glycine as the sole nitrogen source, even though these amino acids were readily incorporated (data not shown). In contrast, good growth of all 16 autotrophic isolates, M. maripaludis, and "M. deltae" was obtained with alanine as the sole nitrogen source (Fig.  2) (33) . Therefore the metabolism of amino acids by methanococci was shown to be very limited.
A small amount of growth of all the methanococci was observed in the presence of glutamine as the sole nitrogen source. Glutamine is a good nitrogen source for some Methanobacterium spp. (2) . However, growth of the methanococci was always slow and proceeded at a linear rate (Fig. 2) . These results implied that growth was due to the chemical breakdown of glutamine in the medium (10 least some glutamine-utilizing bacteria (19) , and it is a substrate for only a few glutamine-utilizing enzymes (21, 25, 30) . Therefore if L-glutamine were actually a substrate, D-glutamine may be inhibitory or utilized poorly. This was not the case. Growth was the same in the presence of either stereoisomer of glutamine (Fig. 3) . This result supported the hypothesis that ammonia formed from the decomposition of glutamine and not glutamine itself was the actual nitrogen source.
Leucine and isoleucine incorporation by M. voltae. Previously M. voltae was reported to obtain upto 47% of its cellular carbon from the amino acids leucine and isoleucine (33) . Subsequent studies failed to reproduce these observations (8) . Likewise, no evidence for either the incorporation of large amounts of branched-chain amino acids or their subsequent metabolism was found in this study. After growth in the presence of [U-14C]leucine, 85% of the radiolabel found in the cellular protein was leucine (Fig. 4) . However, initially the medium contained small amounts of other radiolabeled amino acids, which were contaminants of the [U-14C]leucine (Fig. 4A) . Because these amino acids were not diluted with '2C-amino acids, their specific activity was very high. Thus the remaining 15% of the radiolabel incorporated into cellular protein was probably obtained from these amino acids (Fig. 4B) . Very similar results were obtained when the incorporation of [U-14C]isoleucine was investigated (data not shown). Therefore these amino acids were not converted to other amino acids during incorporation.
Analysis of the nitrogen sources for M. voltae confirmed and extended these observations. If branched-chain amino acids were major carbon sources, they should also be major nitrogen sources. However, previous studies showed that these amino acids were not sufficient nitrogen sources by themselves (33) . Because ammonia was the only other nitrogen source in the medium, the amino acids would be The requirements for leucine and isoleucine were stereospecific, and valine did not substitute for leucine. The stereoisomers of L-isoleucine (L-allo-isoleucine, D-isoleucine, and D-allo-isoleucine) did not support the growth of M. voltae (data not shown). Similarly, D-leucine did not substitute for L-leucine. Clostridium sporogenes may synthesize leucine from valine (22) . Because no growth of M. voltae was observed in the presence of isoleucine and up to 31 mM valine, this species did not possess that ability.
Vitamin requirements. In a mixture of water-soluble vitamins commonly added to methanogen media, pantothenate was the only vitamin which stimulated the growth of M. voltae (33) . However, if the vitamin was prepared without autoclaving, little stimulation was observed. In fact, activity was associated with the hydrolysis products formed upon heating (16) , pantoic acid and pantoyl lactone (Fig. 5) 53, 1987 on July 7, 2017 by guest http://aem.asm.org/ Downloaded from growth and is stimulated by pantoyllactone. It is the only methanococcus studied which was affected by vitamins. In contrast, the salt requirements of -the methanococci are highly variable and are not useful taxonomic markers (34) .
